Introduction
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Study of Different Androgen-Dependent Targets for Anti-Androgenic Drug Design
-----------------------------------------------------------------------------

Testosterone (T) is the hormone that is responsible for male secondary sexual characteristics. This hormone is mainly produced by the testicles and can be found in the general circulation. Testosterone is converted to the more active metabolite 5α-dihydrotesto-sterone (DHT) in androgen-dependent tissues \[[@r1]\]. This reduction of T is catalyzed by the 5α-reductase enzyme (EC 1.3.99.5) (5α-R) present in these tissues. Three different isozymes of 5α-R have been reported, which are each encoded by different genes and can be identified as types 1, 2 \[[@r1]\] and 3 \[[@r2]\]. These isozymes have been described in androgen-dependent tissues of several species; \[[@r1], [@r3]\] types 1 and 2 isozymes are expressed in the human prostate gland, with type 2 highly expressed in this tissue \[[@r4]\]. A type 3 isozyme (5α-R3) has recently been identified in the brain, pancreas, skin, and adipose tissue but also in prostate cancer cell lines and in a human sebaceous gland cell line \[[@r2], [@r5]\].

Various evidences reported in the literature support the fact that DHT is necessary for prostate development and growth \[[@r6]\]. For example, males with a genetic deficiency of 5α-R type 2 enzyme (5α-R2) have smaller prostates than normal individuals due to the low level of DHT \[[@r7]\]. Furthermore, these persons show imperfect development of this gland and of the external genitalia because they resemble those of females. In addition, they do not develop baldness or acne; however, in these individuals, the epididymis, seminal vesicles, and vas deferens remain normal \[[@r7]\]. Other findings suggest that DHT stimulates the expression of several androgen-response genes in recurrent prostate cancer \[[@r7], [@r8]\]. This expression is strongly related to prostate preservation because these genes have the ability to induce apoptosis of the prostate cells and are less involved in cell proliferation throughout prostate development \[[@r8], [@r9]\]. Furthermore, the increased levels of intracellular DHT cause higher cellular propagation and faulty differentiation \[[@r3]-[@r5]\]. These facts could have relevance because an overabundance of DHT has been implicated in the pathogenesis of benign prostatic hyperplasia \[[@r6]-[@r10]\]. 5α-R2 plays an important biological role in prostate gland development because it is responsible for intraprostatic DHT levels when physiological serum T concentration is low \[[@r9]\].

Various experiments have been carried out with the aim of clarifying these findings; the results demonstrated that human prostate 5α-R decreases its efficiency for DHT production in the presence of a high concentration of T, while a lower concentration of T increases the activity of this enzyme, thus producing more DHT \[[@r11]\].

5α-R is an allosteric enzyme whose catalytic efficiency is higher in the presence of its own products of reaction, DHT or 5α-androstanedione (5α-dione) \[[@r7], [@r8]\]. This could explain the fact that in older men whose intraprostatic and serum levels of T are low, a higher level of intraprostatic DHT is produced \[[@r1], [@r9], [@r12]-[@r14]\]. As a consequence of this hormonal imbalance, a decrease in the T-response genes is observed, thus preserving the capacity of the prostatic cells to undergo apoptosis \[[@r8]\]. Furthermore, the increase of intracellular DHT induces cellular proliferation and inadequate cellular differentiation \[[@r2]\]. These findings could have an important clinical bearing because an overabundance of DHT has been implicated in the pathogenesis of benign prostatic hyperplasia \[[@r4], [@r6]\].

The fact that DHT could be implicated in the development of tumor growth in the prostate (benign or malign), as well as other androgen-dependent afflictions such as acne, hirsutism, androgenic alopecia and male pattern baldness, has stimulated the development of new inhibitors for the 5α-R enzyme \[[@r2], [@r9], [@r11]\].

Unfortunately, until recently, researchers have not been able to isolate 5α-R in its crystalline form; this fact has made the development of more specific inhibitors difficult \[[@r8]\]. It is anticipated that the structural modifications described in this paper will facilitate the design and synthesis of new, more specific inhibitors with better pharmacodynamic and pharmacokinetic properties. As a result of this, it is believed that several new inhibitors that have fewer side effects will be developed in the future \[[@r1]\].

The mechanism of the reduction of T [Fig. (**[1](#F1){ref-type="fig"}**)](#F1){ref-type="fig"} is consistent with the known stereochemistry of reduction and involves a direct hydride donation from NADPH to the C- 5 position of testosterone, leading to enolate formation at C-3 \[[@r8], [@r9]\]. The enolate would be stabilized by some electrophilic residue (E+) at the active site. This process may be viewed alternatively as an activation of the enone by (E+) leading to a positively polarized species that accepts a hydride from NADPH at C-5. Enzyme-mediated tautomerism then leads to the product DHT with the release of NADP^+^. The DHT-dependent pathologies are briefly described below \[[@r1], [@r13]\].

Metabolic Pathways of Androgen Production
-----------------------------------------

T is an important hormone for spermatozoa maturation as well as for muscle function and development \[[@r3]\]. As we indicated above, DHT is also imperative for the growth, function, and pathology of the prostate \[[@r3]\]. The biological action of T and DHT is mediated by the androgen receptor (AR), a specific ligand-dependent transcription factor present in the prostate \[[@r15]\]. Immunochemistry studies have shown stain accumulation in the nuclei of prostate stroma secretory cells (luminal cells) as well as in several nuclei of endothelial cells, whereas basal cells from the epithelium show no reactivity \[[@r4]\].

The complex formed by AR-DHT shows higher affinity than that formed with T. These AR-complexes interact with coregulator proteins (coactivators or corepressors) to adapt the transcription of androgen target genes using specific sequences in the DNA \[[@r15]\].

In addition to T, the weak adrenal androgen dehydroepiandrosterone (DHEA) present in the general circulation is taken up by the prostate tissue \[[@r1]\]. It is then metabolized by 3β-HSD to 4-dione and later transformed into 5α-androstanedione (5α- dione) by 5α-R2; [Fig. (**[2](#F2){ref-type="fig"}**)](#F2){ref-type="fig"} \[[@r4]\]. In addition, 5α-dione is converted to DHT by 17β-HSD5 or to androsterone by 3α-HSD, which is further converted to DHT \[[@r4]\].

4-Dione is also converted to T by the action of 17β-HSD5 in the prostate. 17β- HSD5 has been detected by immunocytochemistry, principally in the epithelium basal cells but also in the stroma and blood vessels from the human prostate \[[@r4], [@r16]\].

*In situ* hybridization studies have shown the presence of 17β-HSD5 in secretory cells (luminal cells) of the alveoli and in stroma cells of this gland \[[@r12]\]. These histological data have suggested that after castration, adrenal DHEA from the general circulation is transformed by 3β-HSD present in the basal cells from the prostate epithelium into 4-dione, and then into T by 17β-HSD5 (AKR1C3), whereas T is converted to DHT by 5αR2 from prostate tissue [Fig. (**[2](#F2){ref-type="fig"}**)](#F2){ref-type="fig"} \[[@r4], [@r14]-[@r16]\].

5α-Reductase Enzyme (5α-R) and Prostate Cancer
----------------------------------------------

5α-R types 1 and 2 play an important role in the pathologies of prostate cancer and benign prostatic hy-

This figure shows the hydride donation from NADPH to the C-5 position of testosterone, with the formation of an enolate at C-3. This enolate is stabilized by the 5α- reductase enzyme. Enzyme-mediated tautomerism leads to the product DHT and consequently the release of NADP^+^.

perplasia because they are present in this gland and show different locations and biochemical characteristics \[[@r1], [@r2], [@r6], [@r17]\]. Type 1 has been identified in prostate epithelial cells, and type 2 is principally found in the stromal compartment. 5α-R1 has also been identified in the liver and skin; it is active at neutral or basic pH \[[@r1]\]. A different pH of activity has been reported for the type 2 enzyme; it is active in acidic media. Weisser and Krieg reported that stromal cells from benign prostatic hyperplasia produce more 5α-reduced metabolites (DHT and 5α-dione, Fig. **[2](#F2){ref-type="fig"}**) than normal cells \[[@r14]\]. Furthermore, the development and progression of prostate cancer (PCa) are also related to alterations in the 5α-R enzyme \[[@r17]\]. Immunostaining techniques for 5α-R1 and 5α-R2 using specific antibodies on different human PCa specimens have demonstrated that 5α-R1 is increased and 5α-R2 is decreased during the course of PCa \[[@r17]\]. However, the expression of both 5α-R isozymes increases in recurrent and metastatic cancers, thus suggesting that both isozymes may be important in the development and progression of PCa \[[@r17]\]. Moreover, the fact that finasteride, a 5α-R2 inhibitor, reduced the prevalence of PCa \[[@r17]\] also suggests that both isozymes could be required for the development and progression of PCa. Therefore, type 1 and 2 5α-R isozymes could be important therapeutic targets for this disease.

It is a well-known fact that adrenal androgen androstenedione (4-dione) is also a potential substrate for 5α-R \[[@r16], [@r9]\]. Kinetic parameters (Km and Vmax) measured for prostatic 4-dione 5α-R2 were two- to sixfold higher than values found for T 5α-R \[[@r10]\]. Km for 4-dione 5α-R2 in the stroma and epithelium was 211 and 120 nM, respectively, and Vmax for the stroma and epithelium was 130 and 56 pmol**/**mg**/**h \[[@r9]\]. Prostatic kinetic parameters for T 5α-R2 were 78.4 and 14.3 nM for Km of the stroma and epithelium, respectively, and 68.3 and 23.8 pmol**/**mg**/**h for Vmax of the stroma and epithelium \[[@r10]\]. Thus, this nuclear membrane enzyme (5α-R2) has higher affinity for T (lower Km value) than 4-dione \[[@r10]\].

However, a high level of 4-dione (1.22 ng/mL) measured by radioimmunoassay \[[@r18]\] was found in the general circulation. This indicates that the activity of the prostate 5α-R2 enzyme takes place prior to that of 17β-HSD5 \[[@r16]\], according to the 4-dione →5α-dione →DHT pathway [Fig. (**[2](#F2){ref-type="fig"}**)](#F2){ref-type="fig"}. On this basis, it is important to consider this source of DHT in benign prostatic hyperplasia and prostate cancer \[[@r17]-[@r19]\], although experimental evidence indicated that human prostate 5α-R2 converts T to DHT more efficiently than 4-dione to 5α-dione [Fig. (**[2](#F2){ref-type="fig"}**)](#F2){ref-type="fig"} \[[@r11], [@r14]\].

Prostatic 17β-Hydroxysteroid Dehydrogenase 5(17β-HSD5)
------------------------------------------------------

The 17β-hydroxysteroid dehydrogenases/ ketosteroid reductases (17β-HSDs/KSRS) are an NADPH oxidoreductase family that catalyzes different steps in steroid synthesis and degradation \[[@r4], [@r21]\].

17β-hydroxysteroid dehydrogenase enzyme type 3 (17β-HSD3) converts 4-dione to T, and its deficiency causes human intersex disorders known as pseudohermaphroditism in young boys, but it is asymptomatic in girls. At puberty, ambiguous genitalia and virilization take place, which is related to 17β-HSD type 3 deficiencies \[[@r20]\]. The 17β-HSD types 1 and 3 have been reported to be responsible for the biosynthesis of sex hormones, while 17β-HSD type 5 converts 4-dione to T in the cell layer in women and in the prostate in men \[[@r21]-[@r27]\].

The principal isozymes from this 17β-HSDs/KSRS family that are present in the prostate are type 2 and type 5 \[[@r22]\]. Testosterone and estradiol are the substrate options for type 2 17β-HSD, whereas for type 5 17β-HSD, it is androstenedione (4-dione).

Human type 5 17β-HSD is exclusive to the 17β-HSDs because it belongs to the aldo-keto reductase family, whereas the others are members of the  short chain alcohol dehydrogenases. Type 5 17β-HSD mRNA is present in high levels in human prostate, and this enzyme is responsible for the conversion of 4-dione to T in this gland \[[@r5], [@r6]\] [Fig. (**[1](#F1){ref-type="fig"}**)](#F1){ref-type="fig"}.

Pelletier *et al.* demonstrated that 17β-HSD5 [Fig. (**[2](#F2){ref-type="fig"}**)](#F2){ref-type="fig"} catalyzes the transformation of 5α-dione to DHT [Fig. (**[2](#F2){ref-type="fig"}**)](#F2){ref-type="fig"} \[[@r21]\]; apparently, this enzyme has an important role in the biosynthesis of DHT and prostate gland pathologies \[[@r20]- [@r27]\].

It has been previously detected that serum T levels in castrated men in the blood decrease by 90--95%; however, intra-prostatic DHT levels are reduced by only 50% \[[@r13]\]. This suggests that DHT synthesis could have additional pathways for T in the prostate. Furthermore, the presence of 3β-HSD type 1, 17β-HSD5 and 5α-R (type 1) in prostate epithelium has also been described. Therefore, in tissues in which these enzymes are present, such as the prostate gland, 4-dione is converted to 5α-dione, which is subsequently transformed to DHT; this metabolite is further converted by 3α-hydroxysteroid-dehydrogenase (3α-HSD) to 3α-androstandiol [Fig. (**[2](#F2){ref-type="fig"}**)](#F2){ref-type="fig"} \[[@r13], [@r26]-[@r27]\].

The predominant isozyme in normal stromal cells from the prostate is 5α-R2; however, in prostate cancer, a decrease in 5α-R2 and an increase in 5α-R1 levels (5α-R1) take place \[[@r28]\]. These data could explain the mechanism by which castration-resistant prostate cancer can proliferate in the presence of low levels of serum T. These findings suggest that 5α-R and 17β-HSD inhibition could be related to a recurrent prostate tumor \[[@r29]-[@r30]\].

CYP17 (17Α-Hydroxylase/17,20 Lyase)
-----------------------------------

CYP17 (17α-hydroxylase/17,20 lyase) belongs to the cytochrome P450 family, whose members are involved in the prostate and adrenal steroidogenesis process (Figs. **2** and **14**) \[[@r31]\]. In this process, progesterone (P) is converted to 17α-hydroxyprogesterone (17α-OHP) and subsequently to 4-dione in prostate and adrenal tissues. Pregnenolone is transformed to dehydroepiandrosterone (DHEA). Moreover, 3β-HSD converts DHEA to 4-dione [Fig. (**[2](#F2){ref-type="fig"}**)](#F2){ref-type="fig"}. The first two reactions are carried out in two steps, known as 17α-hydroxylation, which is followed by C17,20-lyase activity [Fig. (**[2](#F2){ref-type="fig"}**)](#F2){ref-type="fig"} \[[@r31]\]. Both reactions are catalyzed by microsomal CYP17 (17α-hydroxylase/17,20 lyase), a protein that shows a marked preference for 5-ene substrate [Fig. (**[2](#F2){ref-type="fig"}**)](#F2){ref-type="fig"}. This enzyme is codified in men from only one gene and is present in testes and adrenals, whereas in women, CYP17 is present in the ovary, placenta and adrenals. Cytochrome CYPP450scc catalyzes an analogous reaction in the side chain of cholesterol and in some circumstances depends on the concentration of the electron carrier CYP17 reductase [Fig. (2](#F2){ref-type="fig"}, [14](#F14){ref-type="fig"}. This enzyme catalyzes 17α-hydroxylation of pregnenolone, and after this reaction, the formation of cortisol by adrenal glands has been observed. [Fig. (14)](#F14){ref-type="fig"} Surprisingly, in the testes, a greater concentration of CYP17 reductase is required for an increase of lyase activity than in the adrenals [Fig. (2)](#F2){ref-type="fig"}. As a consequence, lyase activity in the adrenals is less than in the male gonads. Lyase activity of CYP17 in the testes is responsible for the synthesis of androgens \[[@r31]\].

Androgen deprivation therapy (ADT) using CYP17 inhibitors as a treatment for prostate cancer could improve existing therapies for this disease \[[@r32]\]. However, these anti-hormonal agents induce a decrease in the production of cortisol by the adrenals, thus inducing strong metabolic and immunological disturbances [Fig. (**[14](#F14){ref-type="fig"}**)](#F14){ref-type="fig"} \[[@r31]\].

On the basis of the molecular structure of the enzymes 5α-R (Types 1 and 2), 17β- HSD5 and CYP17, various inhibitors have been identified, which will be reviewed in this study.

Androgen Mechanism Regulated by Androgen Receptor (AR) and Protein-Kinase A (PKA)
---------------------------------------------------------------------------------

AR is a transcriptional factor that belongs to the nuclear receptor (NR) superfamily composed of 48 members \[[@r15]\]. The NR superfamily regulates gene networks and biological effects such as growth, development, differentiation, reproduction, and apoptosis, as well as the metabolism of carbohydrates, lipids and various drugs \[[@r33]\]. T or DHT complex formation with AR induces a conformational change that enhances the binding of this complex to specific DNA sequences known as androgen response elements (AREs), inducing transcription of their target genes \[[@r15]\]. The AR gene is located on the proximal long arm of the X chromosome and regulates androgen-responsive genes by binding to AREs located within the promoter genes \[[@r15]\]. As a consequence of this pathway, a change in cell function is observed when the AREs join the coregulator proteins (coactivators or corepressors) present in the cell nucleus \[[@r15]\].

AR consists of four functional domains: C-terminal-ligand N-terminal domain (NTD), the core DNA-binding domain (DBD), the binding domain (LBD) and the region linking the LBD domains with DBD. Different mutations in the exons encoding these domains have been reported, mainly in the binding with androgens \[[@r34]-[@r36]\]. These mutations deliver different alterations in response to androgens, whose clinical manifestations are varied and are presented depending on the degree of dysfunctionality of AR. These mutations are transmitted as a chromosome X-linked recessive genetic disorder \[[@r34]-[@r36]\]. In male syndrome pseudohermaphroditism for example, a partial gene mutation occurs, in which case, despite the XY genotype, the phenotype presents as partially masculinized external genitalia. This can range from the presentation of female genitalia to genitalia that resemble the male phenotype, in addition to many other disorders. In the case of androgen insensitivity syndrome, a mutation prevents the AR from functioning correctly, showing clinical alterations as a female phenotype with an XY karyotype, as well as multiple other metabolic disorders. Besides these mutations, the presence of low intensity mutations in the AR can be clinically observed in an XY karyotype, displaying a male phenotype; but with the development of gynecomastia and infertility \[[@r34]-[@r36]\].

An understanding of these signaling pathways and their alterations prompted investigation of the carcinogenic process; some studies have demonstrated that the initiation and progression of prostate tumors is due to the accumulation of mutations of the tumor cell genome \[[@r34]-[@r36]\]. However, initial prostate cancers show few mutations in the AR, whereas in metastatic prostate cancer, these mutations are more common \[[@r36]\].

In addition to the accumulation of mutations in cancerous tumors of the prostate, androgens play a principal role in their growth, and their increased levels could effectively be suppressed by blocking androgen synthesis through orchidectomy or by using luteinizing hormone-releasing hormone agonists \[[@r15], [@r37]\]. Nevertheless, in some patients receiving ADT, the signaling pathway of prostate tumor cells is eventually reactivated and an enlargement in the tumor is observed \[[@r12], [@r17], [@r28], [@r30]\]. This prostate cell development, which could metastasize to local lymph nodes, is detected in 30% of tumors \[[@r36]\]. A study carried out with the mitochondrial fraction of the LNCaP cancer cell line displayed a mutated AR in this organelle \[[@r38]\]. This indicates that some changes in mitochondrial function in these cells have occurred. Therefore, castration-resistant tumors could grow with the additional energy provided by the new functional mitochondria \[[@r38]\].

It has been previously shown that there are regulatory transcription molecules that are associated with the AR--complex ligand in the prostate cell nucleus. These transcription factors bind to the NTD of this complex and induce gene activation. These molecules may be coactivators such as SRC1 (steroid receptor coactivator 1) or corepressors SMRT (silencing mediator for retinoic acid), which are present in the prostate \[[@r40]\]. It has also been shown that these coregulatory proteins act jointly to synchronize the androgen-mediated response. Therefore point mutations of these coactivators could be also a cause of androgen-resistant prostate cancer. Interestingly, however, the cellular imbalance of corepressors appears to modify the agonist response promoted by its ligand, suggesting that the potency of an antiandrogen may also be altered by these corepressors. This has been previously shown for the antiandrogen cyproterone acetate \[[@r41]\].

On the other hand, there is evidence to suggest that cAMP analogs are capable of inhibiting the binding between SMRT and NTD of the AR. These data indicate that there is communication between SMRT and this domain that is independent of the formation of the AR-ligand complex. This corepressor dissociation from the AR will then depend on activation of the signaling pathway involving kinase A (PKA) protein \[[@r42]\].

Previous reports have also demonstrated that members of the CBP/p300 coactivator family [Fig. (**[3](#F3){ref-type="fig"}**)](#F3){ref-type="fig"} are over-expressed in tumor cells and are responsible for the increased rate of gene transcription \[[@r43], [@r44]\]. The role of CBP/p300 protein in gene transcription was demonstrated by the fact that AMP-dependent kinase A (PKA) signaling activated by forskoline resulted in an enhanced androgen-induced expression of the prostate-specific antigen (PSA) gene \[[@r43], [@r44]\]. This mechanism was inhibited by the antiandrogen bicalutamide; however, when CBP/p300 is overexpressed in cancer cells, activation of PKA stimulates PSA transcription in the absence of androgens; this mechanism is not inhibited by bicalutamide \[[@r42]\]. PKA was shown to be capable of phosphorylating the cAMP-responsive element-binding protein (CREB) in the presence of androgens \[[@r39]\]. The mammalian two-hybrid assay demonstrated that CBP/p300 could be the contact between AR and CREB [Fig. (**[3](#F3){ref-type="fig"}**)](#F3){ref-type="fig"} \[[@r42], [@r43]\].

Using immunohistological techniques \[[@r45]\], Desiniotis *et al.* elucidated the specific PKA involved in the process described in the above paragraph. They demonstrated that different androgen-dependent prostate cancer cell lines (LNCaP, and VCaP) that show activity of the PKA signal expressed the R1α subunit of PKA as well as AR. Furthermore, their data showed the downstream expression of the effector molecules PSA and vasodilator-stimulated phosphoprotein (pVASP) \[[@r43]\]. The expression of these effector molecules was inhibited after treatment of these cells with siRNA against AR. Moreover, treatment of these cancer cell lines with siPKA downregulated the expression of AR. Due to the absence of AR in DU145, PKA R1α expression was not affected by siRNAs toward AR. These authors concluded that the siRNAs against AR were able to decrease PKA R1α level expression in LNCaP and VCaP cells, suggesting potential communication between AR and PKA pathways at the protein expression levels.

The regulatory subunit RIα is one of two regulatory subunits that make up subtype I of PKA (PKA R1α); this heterotetrameric enzyme also shows two catalytic subunits \[[@r43]\]. PKA R1α is overexpressed in several tumor types, including colorectal, breast, prostate and lung cancers, in which it has been associated with a poor prognosis \[[@r43]\].

Another effector of PKA in the signaling pathway is the p21-activated kinase PAK4 \[[@r46], [@r47]\]. This kinase (PAK4) belongs to group II of the serine/threonine kinases and has been demonstrated to contribute to tumorigenesis of the prostate \[[@r45]\]. Experiments using immunoblotting techniques have shown that the PC-3 and DU145 cancer cell lines show PAK4 kinase activity \[[@r47]\]. This activity can be correlated with levels of phosphorylated PAK4^S574^ (serine 574 phosphorylated), which can be inhibited by H89, a PKA inhibitor. The evidence that the PKA and PAK4 pathways interact was elucidated using mutagenesis assays in cancer cell lines \[[@r47]-[@r49]\]. In these assays, serine 574 was mutated to alanine in PAK4, and this was incubated in the presence of an active PKA. The phosphorylation of PAK4 was completely blocked \[[@r45]\]. Prostate tumorigenesis studies demonstrated that when PAK4 knockdown-PC3 (shPAK4) and DU145 cell lines were seeded in athymic mice, the growth of PC-3-shPAK4 decreased in comparison to controls. Furthermore, DU145-shPAK4 showed a complete blockade of tumor growth. These data suggest that PAK4 could be a potential therapeutic target for prostate cancer.

PAK4 could also regulate the expression of CREB because PAK4 depletion reduced the expression of CREB \[[@r45]-[@r48]\]. Moreover, PAK4 also reduces the expression of the gene Bcl-2, an antiapoptotic member of the Bcl family of proteins that is regulated by CREB. These data could explain the increase in apoptosis (1--6%) observed in PC-3-ShPAK4 compared to controls and the 5--15% increase when DU145-ShPAK4 was used in the experiments \[[@r45]\].

Finally, we must consider the fact that the signaling pathway turns on in the cell membrane. A messenger from the endocrine system is necessary to activate this membrane binding site or receptor in order to regulate the expression of different effector molecules to induce cell function. It has been reported that rapid androgen actions are produced through non-genomic signaling pathways, as well as stimulation of membrane androgen-binding sites or receptors (mAR) \[[@r46]\]. These signaling pathways have been described in different *in vitro* and *in vivo* models \[[@r46]\]; however, the molecular identity of these binding sites remains unknown. Because the cascade involving PKA R1α and PAK 4 activation is related to the expression of AR-dependent effectors, there has been special interest in the role of mARs in these mechanisms in prostate tumors \[[@r47]\]. The fact that mAR activation by non-permeable testosterone conjugates induced potent anti-tumorigenic responses in prostate, breast, colon, and glial tumors suggests the presence of a receptor that induces an intracellular signaling cascade \[[@r47]\].

The presence of a class of membrane-anchored receptors linked to guanine-binding protein-coupled receptors (GPCRs) has been previously reported in neoplastic prostate growth \[[@r48]\]. Prostate cancer cells displayed higher expression of these receptors than normal cells \[[@r48]\]. *In vitro* stimulation of GPCRs induced mitogenic signaling, and as a result of this, prostate cancer cell growth was observed, suggesting that the GPCR system could be activated. This mitogenic signal is transduced by G-proteins; Gα-GTP or Gβγ subunits, which could promote mitogenic signals *via* the activation of multiple effectors as described in the above paragraphs \[[@r48]\].

Various experiments using LNCaP cells with the AR-response element regulated luciferase reporters, and a DHT-activated Gα-subunit has been used to elucidate the role of androgens in the activation of G proteins.

The results of these studies have shown that DHT activates Gαq and Gαs subunits from G proteins. This activation increased AR activity by 4 times (Gαq) to 10 times (Gαs) \[[@r48]\]. This indicates that androgen stimulation of GPCR signaling in LNCaP increases the expression of Gαs, and therefore the expression of AR. Stimulation of LNCaP cells with isoproterenol (a β-adrenergic agonist) increased the intracellular concentration of cAMP, while cAMP depletion using cAMP-degrading enzyme (phosphodiesterase) completely suppressed AR activation. These data taken together indicate that there could be crosstalk between Gαs and AR in LNCaP cells. A simplified summary of this crosstalk is shown in [Fig. (**[3](#F3){ref-type="fig"}**)](#F3){ref-type="fig"}.

Recent advances in new steroidal and non-steroidal inhibitors for the treatment of androgen-dependent diseases
==============================================================================================================

Steroidal Inhibitors of the 5α-Reductase Enzyme
-----------------------------------------------

### 4-Aza Steroids

Recent research suggests that the 4-azasteroidal derivatives are commonly used as 5α-R inhibitors [Fig. (**[4](#F4){ref-type="fig"}**)](#F4){ref-type="fig"}. These molecules were proposed to imitate the biosynthetic pathway in the reduction of T to DHT [Fig. (**[1](#F1){ref-type="fig"}**)](#F1){ref-type="fig"} \[[@r49]-[@r54]\]. On the basis of this mechanism, a carbon atom (C-4) was replaced with a nitrogen atom, thus facilitating the bond between the ligand and the active site of the enzyme. In addition, it was observed that the incorporation of a lipophilic group at C-17 improves the biological activity. In view of the fact that these steroids form a strong bond with the enzyme, they can act as more efficient competitive inhibitors \[[@r50]-[@r54]\]. Considering that these structural modifications could increase inhibitory activity, several derivatives were prepared in order to find more specific 5α-R inhibitors.

**17β-*N,N*-diethylcarbamoyl-4-methyl-4-aza-5α-androstan-3-one** (**4-MA 2,** Fig. **[4](#F4){ref-type="fig"}**) is a dual inhibitor of human 5α-R1 and 5α-R2, having IC~50~ values of 1.9 nM and 1.7 nM, respectively. Unfortunately, due to its hepatotoxicity and poor 3β-HSD selectivity, further studies of this azasteroid were discontinued \[[@r50]-[@r52]\]. In

the last fifteen years, Merck Inc. synthesized several new azasteroidal derivatives; however, only ***N*-(1,1-dimetiletil)-3-oxo- 4-aza-5a-androst-1-en-17ß-carbo-xamida** (**finasteride 1**, Fig. **[4](#F4){ref-type="fig"}**) was selected for the treatment of androgen-dependent diseases \[[@r52]\]. This compound is a better 5α-R2 than 5α- R1 inhibitor, having IC~50~ values of 9.4 and 410 nM, respectively \[[@r1], [@r52]\]. Finasteride is already marketed as Proscar for the treatment of BPH. At a clinical dose of 5 mg daily, this steroid decreases DHT plasma levels by 65--80%; nevertheless, it has been observed that DHT levels remain troublesome due to 5αR-1 action \[[@r36], [@r53]\].

**17β-*N*-(2,5-bis(trifluoromethyl) phenyl-carba-moyl-4-aza-5α-androst-1-en-3-one** (**Dutaste-ride 3**, Avodart, Fig. **[4](#F4){ref-type="fig"}**) is a dual inhibitor of the 5α-R enzyme (types 1 and 2) of the 4-azasteroid group that has been approved for the treatment of BPH \[[@r54]-[@r60]\]. This derivative is considered to be a competitive inhibitor of 5α-R1 and 5α-R2 enzymes; clinical reports indicated that DHT levels decreased by 90% after one year of oral treatment with dutasteride \[[@r55], [@r56]\]. Dutasteride and finasteride exhibit the same biological mechanism for inhibition of the 5α-R enzyme. Moreover, dutasteride does not bind to the androgen receptor. As a result of this inhibitory activity, this steroid reduces the size of the enlarged prostate gland and improves urinary flow rate \[[@r55]-[@r60]\].

Several studies have shown that compound **3** [Fig. (**[4](#F4){ref-type="fig"}**)](#F4){ref-type="fig"} is well tolerated with daily use for up to 2 years \[[@r56], [@r59]\]. In studies, it did not significantly impact bone metabolism markers, bone mineral density, or lipid levels. Moreover, dutasteride at a low concentration was able to promote cell death in a LNCaP cancer cell line, thus expressing only an excess of 5α-R1 \[[@r56]\]. The up-regulation of 5α-R1 enhances the cellular response to low concentrations of T \[[@r57]\].

**1-(4-methyl-3-oxo-4-aza-5α-androstane-17β-carbonyl)-1,3-diisopropylurea** (**Turosteride 5**, Fig. **[4](#F4){ref-type="fig"}**) is an analog of 4-MA that appears to be a specific inhibitor of 5α-R2 because it does not inhibit 5α-R1 activity [Fig. (**[4](#F4){ref-type="fig"}**)](#F4){ref-type="fig"}. Another advantage of turosteride is that it shows no binding to the AR \[[@r61]-[@r63]\]. In view of these results; Di Salle *et al.* synthesized a series of 17-acylurea-substituents of 4-azasteroids to improve on this activity [Fig. (**[4](#F4){ref-type="fig"}**)](#F4){ref-type="fig"}. These authors observed that derivatives containing an N-4 methyl group, a saturated A ring, and an acyl urea moiety at C-17 increased the inhibitory activity of 5α-R2 (see compound **6**, Fig. **[5](#F5){ref-type="fig"}**). Steroid **6** showed a higher inhibitory activity (IC~50~=40 nM) of this enzyme than turosteride (IC~50~=154 nM); however, more studies are necessary to determine whether this steroidal derivative could be used for the treatment of androgen-dependent afflictions \[[@r62], [@r63]\].

In view of the fact that 17β-carboxamide derivatives enhanced 5α-R1 inhibitory activity, steroids **7**, **8** and **9,** which belong to this group, were synthesized [Fig. (**[5](#F5){ref-type="fig"}**)](#F5){ref-type="fig"}. These compounds showed high 5α-R1 inhibitory activity (IC~50~= 23.9, 0.9 and 11.5 nM, respectively) \[[@r64]\]. Theoretical studies indicated that the enzyme 5α-R1 showed high recognition of compounds having a 4-5 carbon chain linked to the N atom. Although compounds **7, 1** and **9** exhibited considerable activity for 5α-R1, their poor selectivity for 5α-R2 (IC~50~= \> 100nM) prevented them from being used in the treatment of BPH \[[@r62]-[@r65]\].

### 6-Azasteroids

Glaxo was the pioneer for the development of several 6-azasteroidal derivatives [Fig. (**[5](#F5){ref-type="fig"}**)](#F5){ref-type="fig"} with 5α-R dual inhibitory activity, and analyzed the molecular mechanism. This mechanism explains the function of these compounds as a substrate for the inhibitory process very well; however, they showed a slow irreversible inhibition as exhibited by 4-azasteroids. Out of this group, only compound **10** [Fig. (**[5](#F5){ref-type="fig"}**)](#F5){ref-type="fig"} has the same efficacy as finasteride [Fig. (**[4](#F4){ref-type="fig"}**)](#F4){ref-type="fig"} in a castrated rat prostate growth model \[[@r66]\]. On the basis of the fact that lipophilic groups attached to C-17 improve selectivity for 5α-R1, a variety of C-17 amide-substituted 6-azasteroids were developed \[[@r66], [@r67]\]. Several compounds showed high activity against both isozymes. Since Proscar (finasteride) \[[@r52]-[@r53]\] and later Avodart (dutasteride) \[[@r56], [@r57]\] were very successful for the treatment of BPH, the 6-aza steroids could not compete and remained a laboratory curiosity \[[@r65]-[@r66]\].

### 7, 8, 9-Azasteroids

A variety of **7**, **8**, **9**-azasteroids [Fig. (**[5](#F5){ref-type="fig"}**)](#F5){ref-type="fig"} were synthesized; however, the majority of these compounds were not completely tested for 5α-R inhibition \[[@r67]-[@r69]\].

Phytopharmaceuticals
--------------------

It has been known for a long time that drugs obtained from plants have been used successfully for the treatment of a variety of diseases. At the present time, a considerable number of Americans use herbal therapies combined with conventional treatments for BPH. Reviews of saw palmetto berry and *Pygeum africanum* have all concluded that analysis of the effectiveness of these preparations is limited by the short duration of the trials. Nevertheless, it seems likely that these agents do improve symptoms and peak urinary flow. Long-term trials of the effects of these phytopharmaceuticals as BPH treatments are still needed \[[@r70]-[@r78]\].

### Saw Palmetto Berry

Recently, the saw palmetto berry *(Serenoa repens*) has gained wide acceptance for the treatment of BPH. This berry contains β-sitosterol, which inhibits the binding of DHT to the AR. Unfortunately treatment of BPH with this herb does not decrease prostate- specific antigen (PSA) level or prostate volume. On the other hand, it helps decrease the prostate epithelium, which is related to low levels of DHT in the prostate. Clinical evaluation of this plant showed that the extract could reduce DHT concentration; however, it does not have any effect on PSA level \[[@r70]-[@r78]\].

β-Sitosterol improves the symptoms of BPH assessed by both the Boyarski system and the International Prostate System Score (IPSS). This compound is associated with an improvement in peak urine flow rate and residual urinary volume; it also causes a considerable reduction in the size of the prostate gland \[[@r79]-[@r81]\].

To determine the effect of β-sitosterol on 5α-R activity in the prostate, a study was carried out using this compound. The results showed that β-sitosterol inhibits 5α-R2 at a very high concentration (2.7 mM), but decreases the weight of the prostate in gonadectomized hamsters treated with T. Thus, the pharmacological effect produced by β-sitosterol is a consequence of its binding to the AR \[[@r82]\].

### Ganoderma Lucidum

It has been shown that the ethanolic extract of the mushroom known as *Ganoderma lucidum* inhibits the activity of the enzyme 5α-R1. This extract contains triterpenoid compounds with a carbonyl group on C-3 and a C-26-α,β-unsaturated carbonyl group, which was characteristic of almost all inhibitors isolated \[[@r83]\].

*Ganoderma lucidum* is also used as blood pressure stabilizer, antioxidant, analgesic, diuretic and nerve tonic. It is also used as an antitumor agent for prostate cancer, producing apoptosis of cancer cells \[[@r83]\].

### Pygeum Africanum

Extracts of *Pygeum africanum* (Tadenan) are currently used in patients with benign prostatic hyperplasia (BPH) and prostate cancer. This extract contains terpenoids, sterols, and some alcohols, in addition to N-butylbenzenesulfonamide and atraric acid [Fig. (**[17](#F17){ref-type="fig"}**)](#F17){ref-type="fig"} which have been identified as the active principles of the extract. These compounds are antagonists of the AR, since they inhibit its translocation to the nucleus of human prostatic cells \[[@r84]-[@r85]\]. The N-butylbenzene-sulfamide also binds to the progesterone receptor, but not to glucocorticoid or to estrogen receptors \[[@r84]\]. Atraric acid is also capable of binding to the AR which is expressed in prostate cancer cell lines. Clinical studies show that this plant eliminates some of the symptoms of BPH in addition to reducing blood prostate antigen levels \[[@r85]\].

Azulene Derivatives
-------------------

Kotobuki Seiyaku evaluated a series of novel azulene derivatives. The most potent inhibitor was compound **11** [Fig. (**[5](#F5){ref-type="fig"}**)](#F5){ref-type="fig"}, with an IC~50~ value of 2.8 nM for 5α-R2 \[[@r86]\].

Advances in Drug Discovery for 5α-R Inhibitors
----------------------------------------------

In previous studies, our research group found a new mechanism based on the structure--activity relationship for inactivation of the enzyme 5α-R. The first step in this mechanism involves the formation of an enzyme-steroid complex. Subsequently, the enzyme with its nucleophilic part (cysteine SH, lysine NH~2~ and serine OH) is added to the double bond of the steroid in a 1-4 addition, forming an irreversible adduct. As a result of this, the activity of the enzyme 5α-R is inhibited and as a consequence, the DHT level is reduced [Fig. (**[6](#F6){ref-type="fig"}**)](#F6){ref-type="fig"}. On the basis of this mechanism, we have synthesized and evaluated several compounds with an electrophilic site that reacts with the nucleophilic part of the enzyme. The purpose of this study was to develop molecules more active than finasteride with fewer of the side effects associated with commercially available drugs. We found that several new pregnenolone, dehydroepiandrosterone and progesterone derivatives with an electrophilic center can interact more efficiently with the 5α-R enzyme \[[@r87]\].

Pregnenolone Derivatives
------------------------

Compounds **12**, **14** and **15** [Fig. (**[7](#F7){ref-type="fig"}**)](#F7){ref-type="fig"} showed lower IC~50~ values than that observed for finatesteride; IC~50~ 9.4 nM (5α-R2). These results suggested that compounds having a fluorine atom in *ortho* and *meta* position in the phenyl group of the ester moiety (**14** and **15)** as well as an expanded 6-member D-ring improve the activity of the steroidal derivatives [Fig. (**[7](#F7){ref-type="fig"}**)](#F7){ref-type="fig"}. I*n vivo* experiments showed that compound **14** and finasteride significantly decreased prostate weight. These results indicate that the *in vivo* activity of compound **14** depends on its pharmacokinetic properties \[[@r87]-[@r91]\]. Esterases present in the bloodstream could hydrolyze C-17 ester function more easily in **14** than in **12** or **13** [Fig. (**[7](#F7){ref-type="fig"}**)](#F7){ref-type="fig"} due its spatial configuration. Consequently, this hydrolyzed compound could be (14) active *in vivo*.

In another study, several 6-oxo pregnane derivatives were evaluated as inhibitors of the 5α-R enzyme [Fig. (**[8](#F8){ref-type="fig"}**)](#F8){ref-type="fig"}. These results showed that compounds **16**-**20** and **22** are much better 5α-R inhibitors than finasteride; compound **21** exhibited an IC~50~ value comparable to that of the commercial drug [Fig. (**[8](#F8){ref-type="fig"}**)](#F8){ref-type="fig"}. The two electrophilic centers in the molecule (compound **16** has an epoxy ring as the electrophilic site) explains the higher activity of these steroidal derivatives (**16-22**) compared to that of finasteride \[[@r87]-[@r89]\].

Progesterone Derivatives
------------------------

Based on the proposed mechanism for inhibition of the 5α-R enzyme, we synthesized several new progesterone derivatives; **24**, **26**, **33** and **35** [Fig. (**[9](#F9){ref-type="fig"}**)](#F9){ref-type="fig"}. These compounds have a conjugated carbonyl function (except steroid **35**). All derivatives showed 5α-R2 inhibitory activity comparable to that of finasteride. As an example, compound **35**, with an epoxy group as the electrophilic center, exhibited an IC~50~ value of 4.8 nM, two times better than finasteride. Apparently, the epoxy group has an enhanced electrophilic character (increased ability to react with the nucleophilic part of the amino acid) thus showing improved biological activity \[[@r89]-[@r91]\]. Furthermore the epoxide group might also be involved in H-bond interaction which is not possible in finasteride, which could explain its better potency.

It is well known that carbamate derivatives increase the half life of drugs due to their retarded hydrolysis in the body. On the basis of this fact, we prepared two progesterone derivatives with a carbamate moiety at C-17 (**33** and **34**, Fig. **[9](#F9){ref-type="fig"}**). The *in vivo* experiments carried out with these steroidal derivatives showed a decrease of the diameter of the pigmented spot; **33** and **34** had a diameter up to 2.8 mm, which was less than that of finasteride (3.1 mm). The growth of the pigmented spot in male hamsters depends on the DHT level and also on the conversion of T to DHT catalyzed by 5α-R. The high *in vitro* activity of compounds **33** and **34** could be explained by the presence of the α,β-unsaturated carbonyl function, which imparts a higher electrophilic character and thus forms a tight complex with the nucleophilic part of the amino acid; as a result, enhanced biological activity of these compounds was observed \[[@r92]-[@r93]\].

Androsterone Derivatives
------------------------

Recently, we reported the synthesis and 5α-R inhibitory activity of compounds **35**-**46** [Fig. (**[10](#F10){ref-type="fig"}**)](#F10){ref-type="fig"}. Steroids **35**-**37** are androsterone derivatives having only an ester function at C-3. Compounds **38** and **39** have two bromine atoms at C-5 and C-6 and an expanded lactone D-ring. Steroids **40**-**43** retain the lactone and ester moieties; however, they have a double bond at C-5. The steroidal derivatives **44**-**46** are based on the 5,16-androstadiene skeleton having a chlorine atom at C-17, a formyl group at C-16 and an ester moiety at C-3.

Compounds **35**-**43** exhibited higher 5α-R2 inhibitory activity than that of finasteride. These steroidal derivatives have an electrophilic carbonyl functional group which could react with the nucleophilic part of the amino acid; this phenomenon could explain their biological activity \[[@r94]\]. The lack of 5α-R2 inhibitory activity of **44**-**46** could be attributed to the low solubility of these Vilsmayer reaction products \[[@r97]\].

Based on the results of our studies, in this paper we propose several structural modifications in the steroidal scaffold in order to enhance 5α-R inhibitory activity: \[[@r92] [@r87]- [@r97]\]

a.  An α,β-unsaturated carbonyl function in ring A or a 4-ene-3,6-dione moiety enhances 5α-R inhibitory activity.

b.  The presence of an ester moiety at C-3 or C-17 improves inhibitory activity on 5α-R.

c.  An electrophilic epoxy or a lactone function on the steroidal skeleton increases inhibitory activity on 5α-R (both types).

Although some of the newly synthesized derivatives have an activity similar to that of 4-aza steroids, at the present time, only finasteride and dutasteride are used for treating androgen-dependent afflictions. Since the 4-aza steroids are associated with several troublesome side effects because of the presence of two nitrogen atoms at C-4 and C-20 positions, this prompted us to consider synthesizing several new similar steroidal derivatives without the nitrogen atoms.

Steroidal and non-steroidal inhibitors of the 17Β-HSD
-----------------------------------------------------

Since it has been proposed that the dual 5α-R and 17β-HSD inhibition [Fig. (**[2](#F2){ref-type="fig"}**)](#F2){ref-type="fig"} could slow down the progression or even cause regression of early prostate cancer, this has inspired us to develop several different molecules as inhibitors of 17β-HSD \[[@r92]-[@r94]\]. Following this idea, several steroidal and non-steroidal molecules have been prepared. Recently, it has been found that the non-steroidal molecules **47** and **48** [Fig. (**[11](#F11){ref-type="fig"}**)](#F11){ref-type="fig"} are selective HSD3 inhibitors \[[@r98]-[@r99]\]. These molecules decreased plasma T levels and inhibited the *in vivo* growth of an androgen-stimulated LNCaPwt (HSD3) xenograft in castrated mice. This fact indicated that HSD3 inhibitors may have applications in the treatment of prostate cancer \[[@r99]-[@r100]\].

Other non-steroidal molecules whose structures are based on oxazolidinone and thiazolidinone skeletons [Fig. (**[12](#F12){ref-type="fig"}**)](#F12){ref-type="fig"} have been identified as potent inhibitors of type 3 17β- HSD (17β-HSD3) \[[@r98]\]. These compounds exhibited a promising activity profile and demonstrated significant selectivity for HSD3 over the related 17β-HSD isoenzymes and nuclear receptors \[[@r98]\].

[Fig. (**[11](#F11){ref-type="fig"}**)](#F11){ref-type="fig"} also shows a benzimidazole derivative **49** [Fig. (**[11](#F11){ref-type="fig"}**)](#F11){ref-type="fig"}, which shows high HSD3 selectivity and biological potency (IC~50~ 40 nM). In addition, [Fig. (**[13](#F13){ref-type="fig"}**)](#F13){ref-type="fig"} displays several steroidal derivatives (**54**, **55**, Fig. **[13](#F13){ref-type="fig"}**) that inhibit HSD3 and HSD5 \[[@r92], [@r97]-[@r100]\].

The type 5 17β-HSD enzyme (17β-HSD5) is well characterized in human prostate tissues, and also contributes to local androgen formation \[[@r98]\]. During the conversion of 4-dione to T [Fig. (**[2](#F2){ref-type="fig"}**)](#F2){ref-type="fig"}, conformational changes of 17β−HSD5 have been observed by X-ray analysis \[[@r99]\]. Several reports have indicated that the inhibition of 17β-HSD5 could activate the peroxisome proliferator-activator, which is a nuclear receptor that functions as a transcriptional factor for encoding gene expression. As a consequence, cell differentiation and apoptosis of various different cell types and prostate cancers have been observed \[[@r99]-[@r100]\].

The gene that encodes 17β-HSD5 has been identified in bands 10 p15 and p14 of human chromosome 13 from prostate cells and its mRNA is over-expressed in prostate cancer tissue (77%). Evidence indicates that the activity of 17β-HSD5 is related to the elevated concentration of intraprostatic T observed in prostate cancer \[[@r23]\]. Studies carried out with the prostate cancer cell line LNCaP showed both activities for 17β-HSD5 in this cell line; reductive activity increased and oxidative action decreased \[[@r99]-[@r104]\].

As shown in [Fig. (**[13](#F13){ref-type="fig"}**)](#F13){ref-type="fig"}, several different steroidal lactones exhibited 17β-HSD3 inhibitory activity. However, the most potent lactone (**57**) is an inhibitor of 17β-HSD5; this has an IC~50~ value of 2.9 nM in HEK-293 cells, which over-express human 17β-HSD5 enzyme; this lactone (**57**) was identified by Schuster *et al.* in 2007 \[[@r100]-[@r111]\].

A third class of non steroidal 17β-HSD5 inhibitors (sulfonylindoles) has recently been reported [Fig. (**[11](#F11){ref-type="fig"}**)](#F11){ref-type="fig"}. Compound **50** displayed the highest activity, with an IC~50~ value of 69 nM, and is orally active \[[@r100]\].

Recently, we synthesized new potent dehydroepiandrosterone derivatives (**58**-**60,** Fig. **[13](#F13){ref-type="fig"}**) that showed 17β-HSD5 inhibition. The *in vitro* effect of these steroidal compounds was evaluated in human prostate membrane fractions. The IC~50~ values of these steroids indicated that the substituent at C-3 determines the activity of these compounds. Furthermore, the capacity of compounds **58**-**60** to form hydrogen bonds and hydrophobic interactions with the target molecules seems to be important. This fact could probably be applied to the steroidal lactones described in [Fig. (**[13](#F13){ref-type="fig"}**)](#F13){ref-type="fig"}. Qiu *et al.* demonstrated that the binding pocket of 17β-HSD5 enzyme is lined with hydrophobic residues Leu-54, Trp-86, Trp-227, Phe-306, and Phe-311, having a cavity where the compound (the ligand) with the appropriate conformation can enter and form a stable complex \[[@r111]\].

Inhibitors of CYP17 (17α-Hydroxylase/17,20 Lyase)
-------------------------------------------------

It is well known that 90% of prostate cancer is androgen-dependent; therefore treatments based on reducing the concentration of androgen could be applied to inhibit cancer cell proliferation \[[@r111]\]. In order to block the conversion of pregnenolone to dehydroepiendrosterone (DHEA) and androstenedione [Fig. (2](#F2){ref-type="fig"}, [14](#F14){ref-type="fig"} in gonadal and adrenal glands, the CYP17 enzyme could be a suitable target \[[@r111]-[@r114]\].

In addition to the mutations described above, the AR occasionally shows specific mutations in androgen-resistant cancer cell lines. This mutated AR can be activated by glucocorticoids, especially cortisol in cancer patients suffering an overproduction of glucocorticoids \[[@r111]\]. Therefore inhibition of CYP11B1 [Fig. (**[14](#F14){ref-type="fig"}**)](#F14){ref-type="fig"} could be a possible therapeutical target for these individuals \[[@r111]\].

The antimycotic ketoconazole [Fig. (**[15](#F15){ref-type="fig"}**)](#F15){ref-type="fig"} has been used clinically for prostate cancer therapy as a CYP17 inhibitor [Fig. (**[2](#F2){ref-type="fig"}**)](#F2){ref-type="fig"}. This compound showed an IC~50~ value of 1100 nM for the inhibition of CYP17. Ketoconazole is a non-specific CYP17 inhibitor, and has exhibited high liver toxicity, thus causing several side effects; nevertheless, in some cases, it is still being used for the treatment of refractory prostate cancer \[[@r113]\].

In April 2011, **(3β)-17-(pyridin-3-yl)androsta-5,16-dien-3-ol** (abiraterone, Fig. **[15](#F15){ref-type="fig"}**) was approved by the U.S. Food and Drug Administration (FDA) for the treatment of refractory prostate cancer \[[@r114]\]. This drug is a selective CYP (CYP17A) inhibitor (Figs. **[2](#F2){ref-type="fig"}** and **[14](#F14){ref-type="fig"}**) that prolongs patient survival and seems to improve quality of life. In view of its poor bioavailability, abiraterone is commercially available as the prodrug abiraterone acetate (Zytiga, Fig. **[15](#F15){ref-type="fig"}**) which is rapidly deacetylated in the body to its active metabolite, abiraterone \[[@r115]\].

Abiraterone exhibits minimal side effects due to the fact that this compound is a specific CYP (CYP17A1) inhibitor; however, it can cause hypertension triggered by a corticosterone increase [Fig. (**[14](#F14){ref-type="fig"}**)](#F14){ref-type="fig"} \[[@r114], [@r116]\]. Recently, it has been demonstrated that abiraterone given in large amounts tends to block glucocorticoid synthesis by inhibiting the 3β-HSD enzyme [Fig. (**[14](#F14){ref-type="fig"}**)](#F14){ref-type="fig"}, thus producing several side effects; for this reason, it must be administered with prednisone (1000 mg abiraterone and 10 mg of prednisone daily) \[[@r116]\].

On the basis of these results, the principal aim of some research groups has been to develop CYP17 lyase instead of hydroxylase inhibitors. [Fig. (**[15](#F15){ref-type="fig"}**)](#F15){ref-type="fig"} shows different CYP17 inhibitors, such as **17-(1*H*-benzimidazol-1-yl)androsta-5,16-dien-3β-ol (galeterone,** Fig. **[15](#F15){ref-type="fig"}**) with an IC~50~ value of 300 nM for CYP17 lyase. This compound exhibited higher CYP17 inhibitory activity than abiraterone (IC~50~= 800 nM). Moreover, the data reported in the Vasaitis *et al.* review indicated that galeterone prevents the formation of LAPC-4 tumors \[[@r3]\]. In view of the fact that this compound is also an androgen receptor blocker, its therapeutic value for the treatment of prostate cancer increases in the presence of a mutated AR \[[@r113]-[@r115]\].

The non steroidal compound **6-(7-Hydroxy-6,7-dihydro-5*H*-pyrrolo \[1,2- *c*\]imidazol-7-yl)-*N*-methyl-naphthalene-2-carboxamide (TAK-700, Orteronel,** Fig. **[15](#F15){ref-type="fig"}**) is a selective inhibitor for CYP17 (Figs. **[2](#F2){ref-type="fig"}** and **[14](#F14){ref-type="fig"}**). This compound was capable of reducing the weight of prostate and seminal vesicles in rats, and it also decreased serum T levels in castrated monkeys treated with an oral dose of 1 mg/kg after 8 h \[[@r115], [@r117]\].

[Fig. (**[15](#F15){ref-type="fig"}**)](#F15){ref-type="fig"} also shows VN/85-1, an inhibitor of CYP17 having an IC~50~ value of 50 nM, thus indicating a 6-fold higher level of activity than galeterone [Fig. (**[15](#F15){ref-type="fig"}**)](#F15){ref-type="fig"} \[[@r115]-[@r117]\].

Androgen Receptor Antagonists Non Steroidal Antagonists
-------------------------------------------------------

AR could be another important target for the design of new antagonists; there are several reports in the literature describing a new class of non-steroidal antagonists \[[@r83], [@r84], [@r115]-[@r123]\]. Compound **61** (IC~50~=16 nM) is a synthetic thiohydantoin derivative which binds with higher specificity and greater affinity to the AR than compound **62** (IC~50~= 160 nM) [Fig. (**[16](#F16){ref-type="fig"}**)](#F16){ref-type="fig"}. The latter an-

tagonist was approved by the FDA for clinical use as antiandrogen \[[@r110]\]. Compound **61** inhibits the growth and androgen-mediated gene transcription in AR--over-expressing prostate cancer cell lines and castration-resistant LNCaP/AR [Fig. (**[16](#F16){ref-type="fig"}**)](#F16){ref-type="fig"} \[[@r116]\].

The non-steroidal compounds **64** and **66** Fig. (**[16](#F16){ref-type="fig"}**) are both thiohydantoin derivatives similar to the antiandrogen **61** (nilutamide) \[[@r116]-[@r118]\]. These derivatives did not show agonism to the AR or any interrelation with the FXXLF peptide sequence of co-activators. Apparently, **64** (IC~50~= 30.9 nM) is a more potent antagonist than **62** for the AR; this non-steroidal compound showed *in vivo* anti-tumor effects in prostate cancer xenografts. This biological activity was also observed for compound **66** (Enzalutamide or MV 3100 IC~50~= 21.4 nM) [Fig. (**[16](#F16){ref-type="fig"}**)](#F16){ref-type="fig"} in tumors that express high AR as well as androgen- resistant levels \[[@r117]-[@r118]\]. Preclinical studies have demonstrated that **64** is an orally active and very potent antagonist of AR. These preclinical research protocols have also demonstrated the efficacy of **64** in preventing the growth of prostate cancer xenografts in mice. This antiandrogen is distributed by Orion Pharmaceuticals \[[@r117], [@r120]\].

Studies carried out using **66** with 140 patients suffering from metastatic cancer demonstrated that a dose of 30--600 mg/day induced an anti-tumor effect and a decrease in PSA level. However, three patients receiving 360, 480 and 600 mg daily showed seizures as a principal side effect; as a result of this study, the dose currently used is 240 mg \[[@r118]\]. The pharmaceutical company Medivation developed derivative **66,** which is currently distributed by Orion Pharmaceuticals for the treatment of metastatic castration-resistant prostate cancer; this drug was approved by the FDA in August 2012 \[[@r118]\].

Clinical studies using **61** have shown that this compound is safe, well tolerated and displays dose-proportional pharmacokinetics. The compound showed antitumor activity across all dosage levels tested. Based on both preclinical and clinical data, the maximum effective dose of this compound is 240 mg daily and it has been selected for phase II evaluation \[[@r116], [@r119]\].

Transactivation assays showed that the imide derivative **63** (BMS-641988, IC~50~= 56 nM, Fig. **[16](#F16){ref-type="fig"}**) is a more potent antagonist for the AR than **62 (**IC~50~= 160 nM) \[[@r120]\]. This compound shows 20-fold higher binding affinity to the AR and 3 to 7-fold higher antagonistic activity than bicalutamide (**62**). Compound **63** also exhibited an *in vivo* effect and decreased prostate tumor xenografts as well as demonstrating higher potency than **62** \[[@r120]\]. On the basis of these preclinical results, a phase I study was undertaken; it was carried out with 61 metastatic cancer patients at doses of 5 and 100 mg daily \[[@r121]\]. The results from this test were that in one patient only was tumor reduction observed; however, in all patients the PSA level decreased 16--30%. The low anti-tumor activity of compound **63** and the occurrence of seizures prompted a discontinuation of this study \[[@r120]-[@r121]\].

In order to determine the side effects of the antiandrogens displayed in [Figs. (15](#F15){ref-type="fig"} and [16](#F16){ref-type="fig"}, several preclinical studies have been carried out. These results demonstrated antiandrogenic activity for compounds **63** and **65** (BMS 779333 IC~50~=148 nM) and an antagonistic effect on GABA receptors \[[@r120]\]. The epileptic seizures exhibited in the *in vivo* experiments could be explained by the high concentrations of these non-steroidal antagonists in the brain \[[@r120]-[@r121]\]. Compound **67** has also been identified as an antiandrogen since it demonstrated antitumor activity in LNCaP-BC2 and VCaP-CRPC xenograft models, thus suggesting that **67** could be a suitable candidate for CRPC treatment \[[@r122]\].

Steroidal Antagonists
---------------------

In 2012 Gauthier *et al.* reported the synthesis and biological effect of two estrogen derivatives, **68** and **69,** both with electronegative groups at C-3 and C-4 Fig. (**[17](#F17){ref-type="fig"}**) \[[@r123]\]. Compound **68** (RBA= 0.66%) was observed to exhibit a higher binding affinity for human AR (3.7-fold) than bicalutamide (**62**, RBA= 0.18%, Fig. **[16](#F16){ref-type="fig"}**). Moreover, derivative **69** (RBA= 17%) showed a much higher binding affinity for human AR (94-fold) than **62** (Figs. **16** and **17**). Furthermore in the cancer cell line LNCaP, compounds **68** and **69** (66%) were 16 times more potent for the inhibition of androgen-stimulated secretion of PSA than **62** (6%). However, the thiohydantoin derivative **66** [Fig. (**[16](#F16){ref-type="fig"}**)](#F16){ref-type="fig"} showed the same potency in this *in vitro* test as bicalutamide (**62)**. Compound **68** (36%) showed 6-fold higher antagonistic potency to human AR than **62** \[[@r123]\].

Furthermore, *in vivo* experiments in rats demonstrated that compound **66** exhibited lower activity for decreasing the growth of the ventral prostate than derivative **62** \[[@r124]\].

Studies using the androgen-sensitive Shionogi carcinoma cell model showed that **68** (Ki= 2 nM) and **69** (Ki= 0.77 nM) have 40-fold and 105-fold greater potencies respectively for cell proliferation inhibition than **62** (Ki= 81 nM) \[[@r123]\].

Fig. (**[17](#F17){ref-type="fig"}**) also shows the novel antagonist **70** for the AR; this androstane derivative exhibited potent antiandrogenic activity for wild and mutated AR present in LNCaP and 22Rv1 cancer cell lines compared to that of bicalutamide (**62)**. Furthermore, this steroid has a higher affinity for the AR than **62** \[[@r124]\].

We found that steroids **71**-**73** Fig. (**[17](#F17){ref-type="fig"}**) showed a very low binding affinity for the AR; nevertheless, in the *in vivo* experiments they decreased the weight of prostate and seminal vesicles of gonadectomized and T-treated hamsters, suggesting that these compounds could function as prodrugs \[[@r93]\].

Investigating other aspects and knowing that the 17β-hydroxy group is the key to DHT interaction with the amino acid residues of both wild and mutated AR, the group of Fousteris in 2010 \[[@r125]\] developed and identified two aminosteroids with a lactam moiety [Fig. (**[17](#F17){ref-type="fig"}**)](#F17){ref-type="fig"}. Both molecules showed efficacy in antagonizing the activity of both wild and mutant AR (T877A).

Inhibitors of Protein-Kinase A (PKA)
------------------------------------

Since PKA activation has been related to enhanced gene transcription, inhibition of this enzyme could be a target for improving metastatic prostate cancer treatment \[[@r38], [@r45], [@r120]-[@r121]\].

The role of a specific p21-activated kinase 4 (PAK4) in prostate cancer progression has been described. As we mentioned above, several studies have showed that PAK4 signaling increases the transcriptional activity of CREB Fig. (**[3](#F3){ref-type="fig"}**) \[[@r46]\]. When the activity of PKA4 enzyme was inhibited by compound **77** Fig. (**19**), which is a specific inhibitor of the activity of PKA in PC-3 and DU145 cells, no tumor formation was observed in nude mice \[[@r47]\]. Reduction of this tumor was related to a decrease in the expression of CREB protein. Therefore, PAK4 could modulate the progression of hormone-independent prostate cancer that does not respond to chemotherapy treatment, suggesting a new signaling pathway linked to the AR \[[@r47], [@r124]\].

An enhanced antiproliferative effect was observed on LNCaP, DU145 and PC3 cell lines treated with PD153035, which is a tyrosine kinase inhibitor, a specific and potent antagonist for the epidermal growth factor receptor (EGFR); Fig. (**[3](#F3){ref-type="fig"}**) \[[@r127]\]. The same activity is also exhibited by compound **75** [Fig. (**[18](#F18){ref-type="fig"}**)](#F18){ref-type="fig"}, which is a specific inhibitor for PKA activity \[[@r128]\]. These facts indicate that a positive crosstalk relationship between EGFR and PKA intracellular pathways could exist [Fig. (**[3](#F3){ref-type="fig"}**)](#F3){ref-type="fig"}. This phenomenon can be demonstrated using **75** [Fig. (**[18](#F18){ref-type="fig"}**)](#F18){ref-type="fig"} and PD153035 for the inhibition of EGRF and PKA signaling pathways. When both signaling cascades were synergistically blocked, an apoptotic effect was observed in these cell lines \[[@r127]\].

Some compounds (**74**, **76** and **77**, Fig. **[17](#F17){ref-type="fig"}**) have been shown to be inhibitors of the activity of types I and II PKA isozymes. These derivatives could reduce the signaling pathway induced by cAMP in wild cells in certain cellular processes such as gene expression, shape changes, apoptosis, DNA replication, and protein phosphorylation [Fig. (**[3](#F3){ref-type="fig"}**)](#F3){ref-type="fig"}. The activity of **74**, **76** and **77** depends on their capacity to stabilize the holoenzyme and to dissociate the cAMP molecule from the complex formed by types I or II cAMP-PKA \[[@r126]\].

Compounds **74** and **76** Fig. (**[18](#F18){ref-type="fig"}**) were the most potent blockers for cAMP function in cells that express PKA type 1. In experiments carried out using cells that express this enzyme, compounds **74** and **76** can compete with the cAMP molecule to predominantly inhibit PKA type 1 activity \[[@r126]\].

CONCLUSION
==========

Recent advances in the identification, characterization, and isolation of new targets enable us to ascertain the molecular bases for the study of prostate cancer and BPH. This understanding can help us propose and design new steroidal and non-steroidal inhibitors. In the future, we anticipate that the bases described in this paper could stimulate the synthesis of new molecules with higher inhibitory activity for a specific enzyme or receptor. In view of the fact that the drugs currently used show a variety of side effects, it is believed that the guidelines described in this review could contribute to the design and synthesis of new drugs for the treatment of prostate cancer and BPH with fewer side effects.
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